Infants born at 35-37 weeks' gestational age (GA) are at higher risk for a range of pathological conditions and poorer neurodevelopmental outcomes. However, mechanisms responsible are not fully understood. The purpose of this paper is to use traditional and novel techniques to assess newborn autonomic development as a function of GA at birth, focusing on cardiorespiratory regulation. ECG and respiration were acquired during sleep on 329 healthy newborns. Infants were divided into GA groups: 35-36 weeks (late preterm (LPT)), 37-38 weeks (early term (ET)), and 39-40 weeks (full term (FT)). Time domain, frequency domain, and non-linear measures were calculated. Increased heart rate short-term variability and complexity as a function of GA were observed in time domain and non-linear measures. Decreasing inter-breath interval variability was found as a function of GA, with increasing linear cardiorespiratory coupling. A complexity parameter (quadratic sample entropy) was less affected by arrhythmias and artifacts when compared to traditional measures. Results suggest lower maturation in LPT, with less developed cardiorespiratory regulation. This may confer risk for altered outcome, convergent with epidemiological findings. Reported examples show that a combination of methodological approaches can be beneficial to characterize autonomic maturation.
Introduction
Prematurity is a condition that affects a high percentage of born live newborns, despite a progressive reduction since 2007. In 2014, US data showed that about 25% of newborns were born as early term (ET 37 0/7 -38 7/7 weeks of gestational age (GA)), while 7% were born late preterm (LPT 34 0/7 -36 7/7 weeks of GA) [22] .
Epidemiological studies have shown that LPT infants have significantly more medical problems resulting in increased hospital costs compared with full-term infants (FT 39 0/7 -40 7/7 weeks of GA) [38] : LPT infants have higher incidence of respiratory distress syndrome, temperature instability, hypoglycemia, hyperbilirubinemia, apnea, and feeding problems, as well as higher rates of re-hospitalization and a twofold increase in sudden infant death syndrome (SIDS) [1, 18, 35] . Moreover, LPT and ET infants have been found to be at higher risk for impaired long-term neurodevelopment outcomes [32, 36] . Though the absolute risk is comparatively low, the relative risk is clinically relevant, given the high incidence of LPT and ET birth. Importantly, infants born after the 35th week of GA are commonly receiving care in standard newborn nurseries, just like FT infants, both in Europe and the USA, unless they show signs of distress.
This paper focuses on the investigation of autonomic maturation with the goal of evaluating its evolution during the last weeks of in utero development, combining indices quantifying cardiorespiratory regulation in these higher risk groups.
The physiological heart rhythm is generated by sinus node depolarization, continuously regulated by the ANS. The ANS is composed of two branches: the vagal (parasympathetic) and the sympathetic. The dynamic balance between the activities of both branches generates continuous heart rate (HR) oscillations, called HR variability (HRV). HRV offers a noninvasive window of investigation into the cardiorespiratory control system and a tool for examining the fluctuations of the sympathetic and parasympathetic branches of the ANS.
HRV can be analyzed with different methodological approaches, which are usually categorized as time domain, frequency domain, or methods based on the non-linear dynamics of HR. Time domain and frequency domain analyses have long been used to characterize the cardiorespiratory system [34] . Time domain measures are computationally straightforward and can be derived directly from RR intervals or from differences between consecutive RR intervals. On the other hand, frequency domain measures convert the time domain signal into complex exponential functions, providing quantitative information of the power distribution of the signal variance across frequencies. Frequency domain approaches can also be employed to determine the magnitude and phase relationship between two time series as a function of frequency.
Impaired cardiorespiratory regulation has been hypothesized as one path leading to SIDS episodes; infants born preterm, even if just 1-3 weeks preterm (i.e., Blate preterm( LPT)), are known to be at increased risk for SIDS [9, 14] . Assessing novel and quantitative markers of autonomic functioning as a function of GA at birth and understanding their interactions more clearly, might improve early risk stratification in this vulnerable patient population.
The present paper describes a cross-sectional study of 114 infants born between 35th and 40th weeks of GA evaluated at birth. For each subject, both ECG and respiration signals were recorded and HR and breathing rate time series were extracted. The maturation of ANS was assessed utilizing a range of parameters combining traditional and novel HR and breathing measures to study the physiological behavior of the cardiorespiratory coupling [8, 27] .
Methods

Population and signal acquisition
Infants were born at the Morgan Stanley Children's Hospital of New York at Columbia University Medical Center. This study included 329 newborns from 35 0/7 -40 7/7 weeks of GA, including both singleton and multiple births. None of the infants enrolled had been admitted to the Neonatal Intensive Care Unit or had any major illness, congenital abnormalities, or known genetic disorders. Mothers were at least 18 years of age and displayed no evidence of major illness, or psychiatric disorders during the pregnancy. The Institutional Review Board of the New York State Psychiatric Institute and of the Columbia University Medical Center approved the study, and mothers provided informed consent at enrollment.
Infant recordings were collected in a quiet room near the nursery approximately 30 min after a daytime feeding. Three ECG leads were placed on the infant's chest in standard positions (RA, RL, LL, DATAQ Instruments). A respiratory inductance belt (Ambulatory Monitoring Inc., Ardsley, NY) was placed around the infant's abdomen. Newborn infants were tested 12-84 h after delivery (avg. 39 ± 15 h). The study protocol designed to include assessment of sleep-dependent behavior and learning required a 10-min baseline recording of ECG and respiration. Respiration was acquired at 200 Hz, and ECG was sampled at 500 Hz. Breath inspiration intervals and ECG R waves were marked with a customized peak detection algorithm, followed by visual inspection of the signals to remove marks due to erroneous automated identification. Four sleep states (active sleep, quiet sleep, indeterminate, and awake) were coded in 60 s epochs based on offline visual inspection of respiratory variability and were confirmed with behavioral notes marked during the recordings [10] . For the current study, only data from quiet sleep were used.
Following the guidelines of the American College of Obstetricians and Gynecologists (ACOG), infants were divided into three groups: newborns with (1) a GA of 35-36 weeks, called late preterm (LPT); (2) a GA of 37-38 weeks, categorized as early term (ET); and (3) a GA of 39-40 weeks, categorized as full term (FT).
With respect to the length of segments analyzed, we followed the methodology presented in a previous study from our group [20] . Given the absence of recommendations for the newborn population, guidelines developed for adults in the Task Force of 1996 were adapted [34] . These guidelines recommended calculating parameters in 5-min windows for adults' HR. However, since neonatal HR is on average higher than adult HR, a similar number of beats occur over 3 min, so all parameters were evaluated in 3 min segments. This choice is supported by results in fetal HR analysis [33] .
Of 329 infants enrolled, for 281, it was possible to perform sleep state coding. Analyses were performed on segments of quiet sleep only with a total of 114 infants of 281 included in the final analysis (19 LPT, 40 ET, 55 FT).
Data analysis
Preprocessing stage
A strong limitation for the application of signal processing approaches to newborn cardiorespiratory signals is the requirement of linearity and stationarity of the analyzed signal. This means that noise amount and number of superimposed artifacts must be considered before the signal processing stage.
Even in controlled states, as we did in our study by maintaining the subject in the same position and room temperature and by controlling for sleep state, HRV signals extracted from RR interval time series from ECG recordings can show the presence of artifacts. They can be either physiological (ectopic beats) or generated by electrode contact or even by slight subject motion.
Literature reports that handling of artifacts is typically based on somewhat subjective criteria, or on arbitrary threshold definitions. Artifacts can be detected when RR intervals exceed a defined threshold, such as a certain percentage above or below mean HR or using reference physiological values. Because of varying HR, there are caveats in applying both methods across individuals [23] , in particular for methods analyzing signal in frequency-or phase-related domains.
Moreover, once artifacts are detected, they can be dealt with either by deletion or by correction through estimation, which can be done by linear or cubic spline interpolation. Deleting artifacts prevents incorrect estimation but inevitably reduces the magnitude of the data set. In contrast, interpolation maintains both the length and the visual characteristics of the RR series but introduces potential error in RR interval estimates. If the number of abnormal RR intervals is relatively small and their occurrence is infrequent, it is possible to correct artifacts prior to HRV analysis. However, if the RR interval time series contains many or recurrent artifacts, it is recommended to remove those segments from the analysis. In general, any method of artifact correction does affect HRV analysis even when setting a threshold on the maximum number of edited intervals (usually < 5%) [25, 30] .
Arrhythmias are found in 1 to 5% of newborns during the first 10 days of life. Most of them are premature supraventricular beats that will disappear over the course of the first month of life. Premature atrial contractions represent another common arrhythmia in the neonatal period and they are benign in a structurally normal heart. Moreover, up to 90% of healthy newborns experience transient bradycardia which may occur following stressful labor or delivery but usually resolves within 48 to 72 h. Sinus pauses from 800 to 1000 ms may occur in healthy newborns while pauses of more than 2 s are considered abnormal [4] . Thus, the decision was made to use thresholds based on physiological ranges for low and high values of RR interval (266 and 667 ms [13] ) and a maximum 15% absolute change between consecutive RR intervals. RR intervals that did not meet these criteria were deleted from time domain and entropy analysis and interpolated for frequency domain analysis. If more than 5% of the RR intervals were unacceptable, the segment was discarded.
Methods for feature extraction
Time domain analysis Time domain analysis of the HR included three parameters adapted from adult analyses: (1) mean of normal to normal intervals (NN) defined as the RR distances excluding anomalous beats; (2) the standard deviation of NN (SDNN); (3) the root mean of successive differences (RMSSD). In general, long-term variability parameters, such as SDNN, assess a combination of sympathetic and parasympathetic nervous system activity on the beat modulation. Measures of short-term variability, as RMSSD, primarily reflect the more rapid reactivity of the parasympathetic nervous system branch of the ANS. For respiration analysis, the mean instantaneous breathing interval (IBI) and the coefficient of variation (SD/mean) of IBI (cvIBI) were computed.
Frequency domain analysis Power spectral density was estimated with an autoregressive parametric approach; model order was set equal to 10. Spectra were calculated for RR and breathing series using both a monovariate approach and a bivariate approach, through cross-spectrum and coherence function estimation. To perform spectrum estimation, each 3-min epoch of RR interval series and respiration intervals were interpolated with a cubic spline, re-sampled at 5 Hz, and detrended. Breathing signals were also normalized by their standard deviations. Frequency bands were fixed as low frequency (LF), 0.04-0.25 Hz, and high frequency (HF), 0.35-1.5 Hz [29] . The variance of the spectrum components was calculated inside the defined frequency bands together with the central frequency of peaks.
Evaluation of significance in coherence estimation [5, 19] has been optimized by introducing surrogate series to identify an adaptive threshold value. This method consists of generating a number of surrogate series for both signals (N = 100), maintaining their autocorrelation function but eliminating their phase properties (iterative amplitude-adjusted Fourier transform). For each pair of surrogate series, the coherence is estimated, and for each frequency bin, its empirical sampling distribution is computed. The threshold for significance is then defined as the 95th percentile of the coherence value sampling distribution. Frequency peaks in coherence plots were calculated together with the respective phase shifts in the phase cross-spectrum.
Non-linear analysis Parameters describing linear characteristics of physiological signals only provide a partial description of the information produced by the activity of the cardiorespiratory system. For this reason, in the last decade, non-linear indices have gained increasing attention as complementary analytic tools. In particular, entropy measures were designed to characterize quantitatively the structure of a signal focusing on repeatability, presence of patterns, predictability, and complexity even in quite short time series and have been found to be sensitive to different states of health [3, 17, 37] .
In our analysis, quadratic sample entropy (QSE) was estimated and it represents an evolution of the sample entropy (SampEn) parameter that was originally developed by Richman and Moorman [28] as an advancement over approximate entropy index (ApEn) [26] . ApEn was proposed as a measure of regularity, defined as the presence of repetitive patterns in a time series within a certain tolerance r (0.1, 0.2% of signal standard) and at different lags m (m = 1, 2, 3). SampEn was postulated to reduce the bias given by the length of the signal, not counting self-matches as in ApEn, as well as to enhance the estimate consistency [17] . Both indices are now standardly applied in experimental time series mainly in the biomedical field, with important results in different signal classification trials [6, 17, 24] .
QSE was designed to overcome the influence of input parameters selection (m and r): Lake in 2006 [16] approached this issue considering a time series as made by observations from a continuous stationary stochastic process. SampEn measures conditional probability that subsequently points to a set of closely matching m intervals, also remaining close to and matching the following observation (m + 1). Instead, Lake suggested to convert this conditional probability to the marginal density by normalizing the average match count to the volume of the matching region, or (2r) m [32, 33] . Thus, QSE gives a density statistic rather than a probability statistic as done by the SampEn. The direct result is simply to add ln(2r) to the SampEn. For this analysis, m values of 1, 2, 3 were selected and the values of r were chosen segment by segment with the minimum numerator count method, with a set values of 500 minimum matches [15] . The QSE algorithm for counting matches was adjusted to disregard beats identified as anomalous as recommended by Lake [16] .
Statistical analysis
Data were tested for normality with the Shapiro-Wilk test. Parameters that were not normally distributed were log-transformed. One-way ANCOVA was then run for each parameter, with infant sex, mode of delivery (vaginal or C-section, MoD), and hours of life (HoL) as covariates. A Bonferroni post hoc test was performed to highlight where significant differences occurred between individual groups. False discovery rate (FDR) method was used to control for multiple comparisons [2] . For the statistical analysis of the results, SPSS was used. Descriptive analyses of normal variables are listed as mean and standard deviation in Table 1 .
Results
Among HR time domain measures, LN_RMSSD and mean NN significantly differed among the three age groups, with parameters having higher values as a function of gestational age at birth (p < 0.05, p < 0.01, respectively). With respect to respiratory parameters, mean IBI was not significantly different among the three GA groups. Though cvIBI index showed higher variability in LPT and ET (p < 0.046), when compared to FT, this parameter did not pass the FDR test.
Frequency domain analyses confirmed that the three GA groups differ when comparing spectral measures with significant differences in HF. FT presented higher values as compared to LPT and ET both regarding the RR spectrum and the cross-spectrum (p < 0.005 and p < 0.05, respectively).
There were no significant differences between the three GA groups in breathing frequency or peak frequencies in the HF band. With the bivariate approach, looking at the phase information measured from the cross-spectrum estimation, the phase shifts between respiratory signal and HR did not show any stable or consistent relationship in any of the GA groups.
Complexity estimation through QSE values showed significant differences for the three GA groups, confirming the findings in time domain short-term variability: FT infants showed a higher RR series complexity than LPT and ET.
The contributions of infant sex, mode of delivery, and hours of life and results are shown in Table 1 . From a methodological point of view, QSE is a novel nonlinear measure mostly correlated with parasympathetic activity [11, 21, 24] . It was found to be highly correlated with traditional measures such as RMSSD. Nonetheless, the application of this novel measures has the advantage of not requiring signal stationarity [28] . Moreover, QSE proved to be less affected by noise and sporadic arrhythmias than RMSSD.
To determine how signal nonstationary episodes can affect the parameter estimation, we report in Fig. 1 an example of how ECG signal, RR series, and parameters were extracted. For the infant whose data are shown as reference frame in Fig.  1 , there were episodes of alterations in the physiological heart rhythm. Panel a) shows the RR interval series for the three 3-min segments; panel b) shows an example of the corresponding ECG tracing during transient bradycardia which give rise to the long RR intervals shown in the third segment of panel a). In panel c), values of RMSSD for the three segments are plotted. They are marked with stars if no preprocessing is applied on the RR interval series and with diamonds if the measures are computed after the RR artifact removal is applied. Finally, panel d) shows QSE values with the same logic as panel c). In panel c) and d), average values and standard deviations for the FT group are depicted in gray.
In Fig. 2 , values of RMSSD and QSE before and after RR intervals series preprocessing are plotted. These two figures depict the extent to which preprocessing of data affects values for RMSSD values. As portrayed in the third segment, the RMSSD value is decreased by almost 50% after preprocessing, whereas the usage of QSE compensates for the presence of artifacts.
In conclusion, the selected set of parameters specifically related to respiratory activity and control have shown to 
Discussion
The study we propose of newborns between 35 0/7 − 40 6/7 weeks of GA provides further insight into the autonomic and cardiorespiratory development of infants in the last 5 weeks of gestation. From a methodological perspective, the detrimental impact of even minor contamination of data with artifact was evaluated. The widespread practice of visual inspection of data for extra or missing RR intervals remains problematic both in terms of reliability and practicality. Furthermore, any fixed threshold value may give rise to classification errors, especially when inter-individual physiological differences in baseline HR are not accounted for [12] .
In a novel approach, this study demonstrates that adding the QSE parameter to the analysis provides significantly more consistent results, independently from RR interval series preprocessing. We conclude that QSE is an important parameter to be added to the repertoire of measures used for ANS characterization [17, 20] .
HR and HRV parameters point toward an altered development of the ANS parasympathetic branch in LPT when compared to FT, as evidenced by the higher HR and lower shortterm HRV. Specifically, with regard to the time domain measurement SDNN (square root of the variance), we also calculted it with various segments' length and found it to be significantly different among groups when 30 seconds apochs were used (data not shown). This difference is relevant because SDNN is a measure strictly dependent on the length of the segment analyzed. SDNN is the square root of the variance, thus it quantifies all cyclic components accountable for variability in the segment analyzed. The fact that SDNN is significant when calculated on short 30-s segments but not with longer epochs supports the idea that an important difference across GA groups becomes evident at a shorter time scale.
A second finding is related to Bcardiorespiratory coupling,â somewhat broad term used to describe influences of respiration on HR and vice versa. This relationship is important since it has been suggested that cardiorespiratory dysfunctions might be a primary cause leading to sudden infant death syndrome (SIDS) [7] .
Epidemiological findings show that premature infants, even if just born 3-4 weeks early, are at higher risks for SIDS. Premature birth appears to interrupt normative physiological development, including the production of pulmonary surfactant, during a critical period of growth of the fetal brain and lungs [14] . However, the underlying mechanisms remain mostly unclear [9] .
Concurrent with previous studies, the findings of the current investigation suggest that LPT infants, born at 35-36 weeks GA, are more prone to breathing instability, with a higher cvIBI and a lower coupling between breathing and HR, as evidenced using spectral analysis. This highlights the fact that with increasing GA at birth, there is an increased linear coupling between the two systems.
Phase relationships measured with cross-spectrum linear analysis between the two systems are not stable in any group. It is thus difficult to establish the present of a consistent phase relationship between breathing and HR, respiratory sinus arrhythmia, as is observed later on in childhood and adulthood.
Conclusions
In sum, the incidence of LPT and ET births (> 25% of all live births) makes them a group of high medical, social, and economic interest since even morbidities with a low absolute risk result in a high burden both for the individuals as well as for society. For this reason, a clearer understanding and assessment of the early risk faced by this population of infants is clearly warranted.
In this study, with a multi-signal and multi-parametric approach, we address the issue of autonomic and cardiorespiratory maturation assessment in LPT, ET, and FT. Our findings suggest that the parasympathetic branch of the ANS is less Fig. 2 Values of RMSSD and QSE of the three populations before and after RR intervals series preprocessing are plotted against one another developed in LPT and ET, as compared to FT infants, and that cardiorespiratory regulation is more weakly coupled in LPT and ET newborns, as compared to FT.
From a methodological point of view, this work is convergent with recommendations of Sassi et al. [31] . In their joint position statement regarding novel HR analysis techniques, they suggest applying them in conjunction with traditional methods. This approach should lead to a greater understanding of the complex mechanisms underlying HRV and could bridge the gap between unanswered clinical questions and analytical innovations. Our results show how non-linear methods, such as entropy, can replicate and extend findings first observed employing linear approaches. At the same time, our data suggest that these novel methods might be more advantageous in dealing with data collected under standard clinical conditions. Moreover, the approach affords the opportunity to address more complex aspects of HRV. Based on findings in the current study, our ultimate goal is to develop a standardized approach to improve information extraction and diagnostic tools.
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